The role of liquid crystalline mesophases in polymer crystallization has seen increased attention following the observations of meta-stable liquid crystalline pre-ordering in the crystallization of isotactic polypropylene and other flexible polymers [1] [2] [3] [4] [5] [6] [7] . In addition to these recent observations, both in Nature and industry liquid crystal mesophases are used to create polymeric materials with desirable properties such as spider silk [8] and Kevlar [9]. A better understanding of the theoretical fundamentals behind formation of the formation kinetics of polymer mesophases and their subsequent effect on crystallization would enable many new materials and processing techniques to be developed.
The role of liquid crystalline mesophases in polymer crystallization has seen increased attention following the observations of meta-stable liquid crystalline pre-ordering in the crystallization of isotactic polypropylene and other flexible polymers [1] [2] [3] [4] [5] [6] [7] . In addition to these recent observations, both in Nature and industry liquid crystal mesophases are used to create polymeric materials with desirable properties such as spider silk [8] and Kevlar [9] . A better understanding of the theoretical fundamentals behind formation of the formation kinetics of polymer mesophases and their subsequent effect on crystallization would enable many new materials and processing techniques to be developed.
A recent study by Tokita et al [10] on a polymer liquid crystal that exhibits a direct isotropic/smectic transition has experimentally determined the existence of meta-stable nematic orientational ordering preceding the formation of translational smectic ordering. This was accomplished through the study of a polymer liquid crystalline material BB-3(1-ME) that exhibits extremely slow liquid crystalline transition dynamics, also developed by Tokita et al [11] . The phase-ordering dynamics of this material occur at time scales accessible via conventional methods of polarized light scattering and synchrotron wide-angle X-ray diffraction analysis techniques [10, 11] . Two key conclusions were determined from this work. First, at high-quench rates/supercooling meta-stable nematic (orientational) ordering was observed preceding full smectic (orientational and translational) order. Second, the occurrence of nematic pre-ordering (high-supercooling) resulted in morphological changes of growing liquid crystalline domains compared to solely smectic growth (low super-cooling). Specifically, samples cooled at rates high enough to exhibit nematic pre-ordering formed well-oriented or "neat" tactoidal smectic domains while samples cooled at lower rates, where only smectic ordering was observed, formed radially oriented or textured spherulitic domains. It is noted that tactoids are ubiquitous transient non-spherical drops frequently observed in phase transformations involving mesophases [12, 13] .
The objective of this communication is to show that the essential features of the experimental observations of Tokita et al [10] described above emerge from mesophase phase transformation phenomena as described by well-established phenomenological Landau-de Gennes type models.
The existence of meta-stable pre-ordering in phaseordering growth, where the order parameter is nonconserved (such as orientation), was first demonstrated theoretically by Bechhoefer et al [14] , and later for dual non-conserved order parameter systems [15] . In this past work, Landau-Ginzburg phase transition models composed of scalar order parameters were shown to exhibition a front-splitting instability under strong super-cooling and also predicted this to occur when large differences in transition time- Figure 1 : A schematic of a growing liquid crystalline front summarizing the phenomena of interest: nematic (orientational) and smectic-A (lamellar) liquid crystalline ordering and interfacial splitting. The orientationally/translationally-order smectic-A mesophase is on the left (blue), orientationallyordered nematic mesophase is in the center (green), and the isotropic liquid (no orientational or translational order) is on the right (red). scales exist.
The scalar models used by Bechhoefer et al [14, 15] capture the basic pre-ordering phenomena but are not suitable for comparison to experimental observations. This is especially true for liquid crystalline materials where phase-ordering introduces additional physics due to inherent anisotropy (see Figure 1) . Smectic liquid crystals include dual phase-ordering phenomena where orientational order is required for translational order to exist. Thus with such a system three general effects influence the possible observation of meta-stable pre-ordering: (1) the driving potential (as a function of temperature, concentration, and pressure), (2) energetic coupling between the two types of order, and (3) phase transition kinetics (difference in time scales governed by viscosity ratio).
In this communication we demonstrate that the use of a high-order model and numerical simulation is able bridge the gap between the experimental observations of Tokita et al [10] and the fundamental observations of Bechhoefer et al [14, 15] . As will be shown, this approach both captures meta-stable nematic pre-ordering in addition to actual multi-scale dynamic texturing processes. A high-order Landaude Gennes type phenomenological model [16, 17] for the direct isotropic/smectic-A liquid crystalline transition is used with material parameters based on the 12CB (dodecyl-cyanobiphenyl) liquid crystal. This model does not take into account microstructure that is present in polymer liquid crystals, but is an adequate first-approximation for the system studied by Tokita et al [10] . The variation of the time scales of nematic (orientational) and smectic-A (translational) ordering is easily achieved with this model and ideal quenches are assumed. The effects of changing the energetic coupling between the orientational and translation ordering of the smectic-A mesophase, in addition to convection and heat of transition, are left to future work in that determination of a suitable set of phenomenological constants and model extensions are non-trivial tasks [18] .
Theoretical characterization of orientational and translational order is accomplished using order parameters that adequately capture the physics involved. Partial orientational order of the nematic phase is characterized using a symmetric traceless tensor [16] :
where n/m/l are the eigenvectors of Q, which characterize the average molecular orientational axes, and S/P are scalars which characterize the extent to which the molecules conform to the average orientational axes [19] [20] [21] . Uniaxial order is characterized by S and n, which correspond to the maximum eigenvalue (and its corresponding eigenvector) of Q, S = 3 2 µ n . Biaxial order is characterized by P and m/l, which correspond to the lesser eigenvalues and
The one-dimensional translational order of the smectic-A mesophase in addition to the orientational order found in nematics is characterized through the use of primary (orientational) and secondary (translational) order parameters together [22] . A complex order parameter can be used to characterize translational order [16] :
where φ is the phase and ψ is the scalar amplitude of the density modulation. The density wave vector, which describes the average orientation of the smectic-A density modulation, is defined as a = ∇φ/|∇φ|. The smectic scalar order parameter ψ characterizes the magnitude of the density modulation and is used in a dimensionless form in this work.
In the smectic-A mesophase the preferred orientation of the wave vector is parallel to the average molecular orientational axis, n. A Landau-de Gennes type model for the first order isotropic/smectic-A phase transition is used that was initially presented by Mukherjee, Pleiner, and Brand [16, 17] and later extended by adding nematic elastic terms [23] [24] [25] :
where f is the free energy density, f 0 is the free energy density of the isotropic phase, terms 1-5 are the bulk contributions to the free energy, terms 6-7 are couplings of nematic and smectic order; both the bulk order and coupling of the nematic director and smectic density-wave vector, respectively. Terms 8-10/11-12 are the nematic/smectic elastic contributions to the free energy. T is temperature, T N I /T AI are the hypothetical second order transition temperatures for isotropic/nematic and isotropic/smectic-A mesophase transitions (refer to [26] for more detail), and the remaining constants are phenomenological parameters.
The Landau-Ginzburg time-dependent formulation [27] is used to capture the dynamics of the phase transition. The general form of the time-dependent formulation is as follows [27] :
where µ r /µ s is the rotational/smectic viscosity, and V the volume. A higher order functional derivative must be used due to the second-derivative term in the free energy equation (3): (6) where θ corresponds to the order parameter.
As shown below, in this communication we capture the essential experimental results [10] by varying the quench depth and the translational/rotational viscosity ratio. This choice follows from the fact that the phase transformation velocity is given by ratio of the temperature-controlled free energy driving force and the viscosity associated with mesophase ordering [28] . This is first studied by treating the kinetic phase transformation process as a one-dimensional propagation transition front(s), where the unstable isotropic phase is replaced by the stable smectic-A phase. Multiple one-dimensional simulations were conducted for different viscosity ratio/quench depth values and the smectic-A/meta-stable nematic front behavior characterized. These results were then used to determine a dynamic phase diagram in order to guide higher-dimensional simulations. Following this, a pair of two-dimensional simulations were performed in regimes where meta-stable nematic ordering is (1) not present and (2) present, guided by the previously determined dynamic phase diagram. All computational results were achieved by the simulation of eqn 4, using the same computational methods defined in ref. [18] . These two stages of the presented work correspond directly to the two key conclusions of the experimental work of Tokita et al [10] . Previous work for phenomenological parameter determination (parameters in eqn 3) and phase diagram computation has been completed for this system [18] which shows that a definite free energy minimum exists corresponding to smectic-A order. In addition, a degenerate nematic-order state exists below the theoretical second order transition temperature T AI for this system. Figure 2a shows the free energy density (3) versus quench depth (∆T = T AI − T ) for both neat smectic-A and degenerate nematic order as predicted by the model. As mentioned previously, onedimensional front growth was studied by varying the difference in time scales for the formation of nematic and smectic-A order, µ * = µS µN , and the magnitude of the driving variable, temperature quench depth ∆T . Figure 2b shows the computed dynamic growth phase diagram where three distinct regimes can be identified:
1. Fully Coupled (FC, lower left region), in this regime nematic and smectic-A interfaces cannot be distinguished and corresponds to the direct transition from an isotropic to smectic-A phase. In other words, the nematic pre-ordering layer is not observed.
2. Static Decoupled (SDC, middle region), in this regime meta-stable nematic pre-ordering (see Figure 2a ) is observed to proceed from the initial smectic-A front but maintains a constant distance/halo and does not fully decouple. In this case, a constant thickness nematic preordering layer separates the unstable receding isotropic phase from the stable advancing smectic A phase.
3. Fully Decoupled (FDC, upper right region), in this regime meta-stable nematic pre-ordering (see Figure 2a ) is observed to proceed from the initial smectic-A front at a velocity greater than the preceding smectic-A front velocity. In this case, the pre-ordering nematic layer replaces the isotropic phase and becomes the matrix in which the smectic A phase grows.
Next we identify the main mechanisms behind the results of Figure 2a . The effect of the quench depth ∆T on the kinetics of the phase-ordering transition is revealed by the work of Bechhoefer et al [14, 15] . Whereas previous work on a dual non-conserved order parameter system focused on quench depth as the driving variable to induce the splitting instability [15] , the effect of differences in dynamic timescales of orientational and positional ordering can induce the same phenomenon. In the case of low molecular mass liquid crystals, as this model is most applicable, experimental observations point towards the FC regime. In the case of liquid crystalline polymers, where the time scale for local diffusion increases substantially compared to rotation (rigid/semi-rigid and side-chain liquid crystalline polymers), the contribution of the difference in timescales is predicted to exhibit this behavior at much lower quench depths, observed experimentally [10] and in agreement with the presented results (Figure 2) b.
In order to examine the second experimental observation, that the presence of meta-stable nematic pre-ordering induces persistent morphological changes of the liquid crystalline domain, simulation of the growth of an initially homogeneously oriented smectic-A spherulite was performed in twodimensions. This simulation was formed in the FDC growth regime (meta-stable nematic pre-ordering) and compared to past work [29] on the same system in the FC growth regime (no pre-ordering). Quasibulk conditions were imposed using full periodicity which results in an effective ensemble of well-oriented spherulites growing in an isotropic matrix. Figures  3a and 3b show the spherulite morphologies at the maximum radius achievable with the current computational limitations (for the FDC simulation). The morphological growth process of the FC regime case is complex (refer to [29] ), but can be summarized as involving the competition between interfacial anchoring at the isotropic/smectic-A interface and bulk texturing. The resulting spherulite texture assumes a quasi-bipolar texture and exhibits an undulation instability in the bulk [29] . The effect of the fully formed meta-stable nematic matrix phase (Figure 3b ) has a stabilizing field effect and exhibits tactoidal growth of a neat texture. The aspect ratio versus long-axis (vertical in both cases) are shown in Figure  3c . The effects of nematic pre-ordering are shown in the current simulation to have a strong morphological effect on the smectic-A spherulite, minimizing the previously observed interfacial anchoring effects and undulation instability. The well-oriented nematic matrix phase acts in the same way as a bulk electric/magnetic-field [30] , which promotes tactoidal growth of a well-oriented smectic-A domain, consistent with the observations of Tokita et al [10] .
The aspect ratio trend for the FC regime simulation ( Figure 3c ) shows a decay, after an initial shape dynamic period, of the aspect ratio as the spherulite size increases. This decay is explained based upon a scaling theory derived from the studying shape and director-field transformation of nematic tactoids [13, 31] . A scaling estimate for the aspect ratio of the spherulite was determined to obey the following relationship to minimize total free energy [31] :
where R is the major axis and r is the minor axis, K the characteristic Frank elastic constant, τ is interfacial tension, and V is the volume of the spherulite. Equation (7) predicts that the spherulite aspect ratio decreases with volume converging to 1, in agreement with Figure 3c . For the FDC case, the stabilizing nematic preordering results in a spherulite with a neat texture and thus should obey the Wulf-construction [32] which determines surface shape by minimizing the sum of total interfacial energy and an ideal undistorted bulk contribution [32] :
where F is the total free energy of the spherulite, γ is the interfacial tension (a function of position r), and α the free energy density of the spherulite bulk. For the phenomenological parameters used in these simulations, planar anchoring (director parallel to the interface) is energetically preferred over homeotropic (director perpendicular to the interface). Figures  3b and 3c show that this approximation correctly predicts tactoidal growth, maximizing the planaranchored interfacial area. The simulated system is one example of the possible effects of nematic pre-ordering on the formation of a stable smectic-A domain. Past work [33, 34] on the growth of initially homogeneously oriented nematic spherulites implies another possible scenario. In that work, deep quenches were found to result in the shedding of four + 1 2 disclination defects in the nematic case. This is not morphologically what is proposed for the smectic-A case [29] . Thus nematic pre-ordering could result in a different smectic-A domain morphology due to difference in defect shedding characteristics of the preceding nematic front, which would serve as a template. These issues will be investigated in future work.
In conclusion, it has been shown that through simulation of a high-order Landau-de Gennes type model of the isotropic/smectic-A liquid crystalline transition experimental observations of nematic preordering of smectic liquid crystalline transitions [10] can be studied.
Leveraging this type of highdimensional model has been shown to close the gap between experimental observations of this phenomena [10] and generalized theoretical studies [14, 15] . Phase transition kinetics results presented show that nematic pre-ordering results from both thermodynamic potential and dynamic differences in phaseordering timescales (Figure 2b) , as was observed experimentally [10] . Two-dimensional simulation results presented explain the experimentally observed effect of nematic pre-ordering on growth morphologies of smectic domains, where pre-ordering of nematic domain stabilizes a neat texture in the growing smectic-A nucleus, promoting tactoidal growth. This work sets the basis for further simulation study in two/three-dimensions and extension of the existing model [16, 17] to account for the microstructure present in polymer liquid crystals. Additionally, these results, in addition to those of Tokita et al [10] , determine a possible mechanism for influencing the material properties of smectic polymer liquid crystals through the induction of meta-stable nematic pre-ordering.
